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A B S T R A C T   

Garnet-structured Li7La3Zr2O12 (LLZO) is an attractive electrolyte for lithium solid-state batteries (SSBs), but its 
processing requires long sintering at temperatures above 1000 ◦C to achieve sufficient ionic conductivity. Such 
sintering is not only time and energy consuming, but also leads to undesirable material interactions. Therefore, a 
significant reduction of the sintering time is very important for the future development of garnet-based batteries. 
A promising method is the recently introduced photonic blacklight sintering with light sources in the UV 
spectrum, which enables energy-efficient sintering of ceramic layers within seconds. In this work, blacklight 
sintering of garnet-based SSBs is validated using a model cell consisting of LLZO and LiCoO2 (LCO) composite 
cathode layers printed on dense LLZO pellets. An optimized sintering program allowed the production of working 
cells in only 20 s. This study demonstrates the suitability of blacklight sintering for processing garnet-based SSBs 
and provides guidance for future process optimization.   

1. Introduction 

Solid-state batteries (SSB) with solid electrolytes (SE) are a prom
ising technology that could outperform Li-ion batteries (LIB) in terms of 
energy density and, most importantly, safety [1]. The garnet type 
Li7La3Zr2O12 (LLZO) is one of the intensively studied SEs due to its 
moderate high ionic conductivity of up to 2 S cm− 1 at room temperature, 
its wide electrochemical stability window, compatibility with Li metal, 
non-flammability, and its wide operating temperature range [2,3]. 
However, due to its oxide ceramic nature, LLZO requires a densification 
step, which is usually achieved by sintering at high temperatures of >
1000 ◦C [4–8]. The high sintering temperatures activate ion diffusion to 
form sintering necks required for ionic conductivity, but also lead to 
undesirable interfacial reactions. In particular, the processes at the 
interface between the cathode active material (CAM) and LLZO during 
sintering of ceramic composite cathodes are known to lead to several 
detrimental effects that deteriorate battery performance, which will be 

discussed in more detail later [9–22]. Another important aspect of the 
sintering process is energy consumption, which depends drastically on 
the sintering method. Conventional high-temperature processes for 
sintering LLZO ceramic powders into solids, which are performed for 
several hours at a temperature below the melting point, driven by a 
reduction in surface energy, are the most energy-intensive production 
steps [23–27]. During the long heating times, almost all energy is lost 
through heat losses via insulation and ventilation [28,29]. Therefore, 
the sintering step offers great potential for reducing energy demand 
through the use of more efficient technologies [30–32]. 

To reduce the energy consumption and undesirable material in
teractions, finding new processing techniques with much shorter sin
tering times is a necessary technological step. Examples of advanced 
sintering techniques include microwave sintering, flash sintering, field- 
assisted sintering/spark plasma sintering (FAST/SPS), rapid thermal 
processing (RTP), ultrafast high-temperature sintering (UHS), laser 
sintering, and flash lamp sintering [8,30,33–37]. LCO-LLZO-based SSBs 
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have already been successfully fabricated using RTP [35,36], laser sin
tering [38,39], FAST/SPS [14,40], and UHS [41]. Still, these techniques 
have several limitations or drawbacks that make it difficult to imple
ment a sintering process that combines speed, simplicity, versatility, 
efficiency, and scalability for large-scale industrial production [42]. 

However, this could change with the photonic blacklight sintering 
method reported by Porz et al. in 2022 [42]. This process uses a Xe flash 
lamp with a wavelength in the visible and UV spectrum to heat the entire 
sample at once with a series of millisecond-long pulses using 
temperature-dependent electromagnetic wave absorption [42–44]. In 
this way, a scalable and non-contact sintering process in the time scale of 
seconds has been achieved that does not require complex equipment and 
has much lower energy consumption compared to conventional methods 
[42]. 

Similar to RTP and laser sintering, blacklight flash lamp sintering is a 
photonic sintering process that enable fast and easy processing in the 
short time of seconds [45]. Blacklight flash lamp sintering is faster than 
the RTP process, which is in the range of minutes, and just as fast as laser 
sintering, which allows sintering in seconds. The added advantage of 
blacklight flash lamp sintering over laser sintering is that it heats the 
entire sample surface at once, as opposed to scanning a focused laser 
beam across the sample surface [35,36,38,45]. A flash lamp sintering 
process using a constant radiation source, can be influenced by the in
tensity of the radiation and the duration of the irradiation. In pulse 
mode, the pulse length, the number of pulses, and the break time be
tween two pulses can be used to adjust the sintering conditions. The 
break times between pulses can be used to give the system time to 
thermally relax to avoid cracking and overheating and to sinter deeper 
layers, which is especially important for thicker layers. Heat transfer to 
the substrate and the atmosphere and the sintering atmosphere itself are 
two other parameters. Since the energy transfer during sintering 
strongly depends on the radiation absorption and thermal conductivity 
of the materials, the process parameters have to be adapted to the spe
cific materials. Since the combination of sintering parameters is prac
tically unlimited, the relative effect of important parameters on sintering 
performance and possible material degradation should be estimated in 
order to choose a perspective process window, which was the focus of 
the present work. 

To test the suitability of blacklight photonic sintering for processing 
garnet-based SSBs, composite cathodes, containing LLZO and LiCoO2 
(LCO), were printed on dense LLZO pellets (separator) and then sintered 
using a multi-pulse Xe flash lamp. Pulse length and number of pulses 
were varied to find suitable sintering parameters. The sintered half-cells 
were assembled into full cells by attaching indium foils as anode. The 
microstructure, phase composition, and electrochemical properties of 
the cathodes were analyzed to establish processing parameters for 
blacklight sintering of garnet-based cells and to provide guidance for 
future optimization of this processing method. 

2. Experimental 

2.1. LLZO synthesis 

Ta- and Al- substituted LLZO (Li6.45Al0.05La3Zr1.6Ta0.4O12) powder 
was synthesized with a three-step solid-state reaction (850 ◦C and 
1000 ◦C for 20 h, and 1175 ◦C for 10 h) from the educts LiOH•H2O 
(APPLICHEM, 99.00%, excess of 10 mol%), La2O3 (MERCK, 99.90%), ZrO2 
(TREIBACHER, 99.70%), Ta2O5 (TREIBACHER, 99.99%), and Al2O3 (INFRAMAT, 
99.82%). The resulting sintered pellets with a diameter of around 11.15 
mm were cut into pieces with a thickness of around 400 µm. More in
formation about the LLZO synthesis can be found elsewhere [5–7]. 

2.2. Composite cathode fabrication 

Commercial LCO powder (MTI CORPORATION, battery grade) was 
mixed and milled (5 times 750 rpm for 5 min, Ø 5 mm ZrO2 balls) with 

powder of the synthesized LLZO (60 wt% LCO: 40 wt% LLZO) in a micro- 
planetary mill (PULVERISETTE 7, FRITSCH) with 2-propanol (ALFA AESAR, 
99.5%). The resulting powder mixture was dried and combined with a 
solution of an isomeric mixture of terpineol (SIGMA-ALDRICH, 99.50%) and 
6 wt% ethyl cellulose (SIGMA-ALDRICH, 46 cps, 48.00%) in a three-roll mill 
(50 l, EXAKT). The fabricated ink (solid loading of 55 wt%) was printed on 
the previously cut LLZO discs by screen-printing (E2, EKRA) with a 
polyester screen (27–120 × 22.5◦, KOENEN). Further information about 
the composite cathode fabrication was published before [35]. 

2.3. Multi-pulse Xe flash lamp processing 

Flash lamp experiments were performed with a multi-pulse Xe flash 
lamp system (HERAEUS NOBLELIGHT LTD) operated at 220 V. For the sin
tering, a multi-pulse mode was used with a flash frequency of 60 Hz and 
varied pulse lengths and number of pulses. The light was directed to the 
sample via a quartz block. The samples were placed at room temperature 
in ambient atmosphere on expandable graphite (GHL, LUH GMBH, den
sity of 90 kg m− 3 to 140 kg m− 3) 10 mm below the quartz block. 

2.4. Battery cell assembly 

The cell assembly was carried out in argon atmosphere. The anode 
side of the half-cell was polished with SiC paper (1. 800 grit, 2. 1200 grit, 
3. 2500 grit, 4. 4000 grit) and subsequently sputtered on both sides to 
generate a thin Au film (~3 nm on the anode side, ~30 nm on the 
cathode side). The Au film on the cathode side acts as current collector, 
while the Au on the anode side increased the adhesion of indium (In) 
metal on the anode side [14,15]. After that, an In metal foil was 
manually attached on the Au coated anode side and subsequently heated 
up to 157 ◦C until the In was molten. The In anode was covered with a 
polished Ni plate and the battery cell were placed in an ECC-COMBI test 
cell (EL-CELL®). The full cell had a diameter of around 1.15 cm (A = 1.04 
cm2) with around 2 ± 0.1 mg of cathode active material, resulting in a 
theoretical capacity of 0.28 ± 0.01 mAh. 

2.5. Characterization 

X-ray diffraction (XRD) (D4 ENDEAVOR, BRUKER) was performed be
tween 10◦ and 80◦ in Bragg-Brentano geometry. Raman spectroscopy 
mapping (INVIA QONTOR, RENISHAW) was performed with a 532 nm laser 
(~2.5 mW) and a 2400 l mm− 1 grating. The spectra were collected with 
a step size of (x, y) = (1 µm, 1 µm) over an area of 80 µm × 40 µm with a 
total number of 3321 spectra and a measuring time of 1 s per spectrum. 
The spectra were processed with the WIRE™ software (RENISHAW), 
including cosmic ray removal, background subtraction, and normaliza
tion. Each single spectrum of the Raman mapping were separated by a 
component analysis to the LLZO or the LCO phase and the resulting sets 
of spectra were averaged, like in [35]. For microstructural analysis, the 
samples were coated with a thin sputtered Au layer and analyzed with a 
scanning electron microscope (SEM) (TM3000, HITACHI) using a back
scattered electron (BSE) detector. For cross-section images, the pellets 
were broken in the middle and polished with SiC paper (1. 800 grit, 2. 
1200 grit, 3. 2500 grit, 4. 4000 grit) and 1 µm diamond suspension. The 
electron acceleration voltage was set to 15 kV. Full cell electrochemical 
tests were carried out in a climate chamber (VT 4002EMC, VöTSCH 

INDUSTRIETECHNIK) at a constant temperature of 60 ◦C with a potentiostat 
(VMP-300, BIOLOGIC). The cell was electrochemically cycled between 2.8 
V and 3.6 V vs. Li-In with a constant current of 20 µA (current density of 
19.3 µA cm− 2 and a C-rate of 0.07 C). In the charging process, the 
voltage was maintained at 3.6 V vs. Li-In until the current was reduced 
to 10 µA. Electrochemical impedance spectroscopy (EIS) started after 5 
min of open cell voltage (OCV) with a frequency varied from 3 MHz to 
100 mHz and an electrical field perturbation of 10 mV. 
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3. Results and discussion 

An optimal design of a garnet-based SSB includes a thin and dense 
LLZO separator connected to a composite cathode (CAM and LLZO) and 
a Li metal or Li alloy anode. Since the separator requires higher tem
peratures than the CAM for full densification, it is usually sintered first, 
followed by deposition of a composite cathode that can be sintered at 
lower temperatures to minimize the side effects summarized in Fig. 1, all 
of which directly affect the cell performance [6,17,21,35,38]. 

Chemical reactions between LLZO and CAM during co-sintering are 
one of the biggest challenges in the fabrication of composite cathodes 
[11–20,46]. Even LCO, which has the highest thermal stability in com
bination with LLZO, often forms secondary phases such as Li0.5La2

Co0.5O4 [15,38], LaCoO3 [16], La2CoO4 [47], La2Zr2O7 [16,17], CoO 
[36,48], Co3O4 [36,48], and La2O3 [17]. The secondary phases degrade 
cell performance due to their lower specific capacity and higher 
impedance. In addition to chemical reactions, mutual ion diffusion at the 
interfaces is another common phenomenon. Aluminum, a common 
dopant of LLZO, can diffuse into LCO to form doped/substituted LiAlx

Co1–xO2 [49,50], and Co-ions from LCO can diffuse into LLZO to form 
various Co-containing reaction products such as LLZO:Co, LCO or 
Li0.5La2Co0.5O4 [21]. The ion diffusion can occur in the composite 
cathode as well as between the cathode and the separator [21]. 
Furthermore, high sintering temperatures can lead to partial delami
nation of the cathode from the separator [51] or to the formation of 
cracks in the ceramic particles of the cathode and separator, resulting in 
increased resistance, reduced mechanical stability of the cathode, and 
potentially isolated CAM material [52,53]. Crack formation is of 
particular concern in photonic sintering techniques, in which mainly the 
surface is heated at high rates, resulting in strong temperature gradients 
towards the substrate. In addition, high temperatures during sintering 
can lead to a loss of Li-ions from LLZO, resulting in the formation of an 
insulating La2Zr2O7 pyrochlore phase [21,22]. Furthermore, the cubic 
LLZO phase may undergo a phase transition to the tetragonal phase or 
the low-temperature cubic phase, both of which have lower ionic con
ductivity [4,54]. The tetragonal phase may be formed by diffusion of 
substituents (which stabilize the cubic crystal phase) from LLZO into the 
CAM [21,49,50]. The low temperature cubic LLZO phase can form due 
to processing at lower temperatures in the presence of H2O and the 
corresponding Li+ ↔ H+ exchange [54,55]. 

The main objective in sintering composite cathodes is to achieve a 
phase-pure, dense, well-connected layer without the above-mentioned 
phenomena in the separator and cathode. To ensure this, the material 
and the sintering process must be adjusted to reduce or avoid the 
negative effects (Fig. 1) as much as possible to guarantee good electro
chemical properties. Further, the sintering process that can avoid the 
most negative effects and at the same time is the most economical is the 
most attractive for future industrial application. 

To proof the suitability of the blacklight sintering with a multi-pulse 

Xe flash lamp for sintering of LCO-LLZO ceramic composite cathodes, 
samples were produced after the schematic shown in Fig. 2a. The 
resulting half-cells after blacklight sintering were analyzed with respect 
to microstructure, crystallographic phase as well as electrochemical 
performance. 

In order to perform the optimization of the sintering parameters two 
consecutive pulse programs were used for each sample at a frequency of 
60 Hz and a constant voltage of 220 V. The first heating program varied 
in pulse length and total number of pulses, while the second program 
had a constant sequence with a pulse length of 0.4 ms and 600 pulses,  
Table 1. 

For the first heating step, three different sintering modes were 
selected, differing in pulse length and number of pulses (Table 1). Op
tical images of the resulting representative half-cells are shown in Fig. 2b 
along with the half-cell before sintering. The sintering mode designated 
as ”LT” (low temperature) resulted in a low achieved temperature and 
thus insufficient sintering. The sequence “MT” (medium temperature) 
resulted in medium temperatures and thus better sintering. The 
sequence “HT” (high temperature) led to overheating of the sample, so 
that the half-cell showed signs of thermal decomposition. The initial 
grey surface of the cathode layer became darker after sintering with the 
LT and MT sequence. The surface of the sample sintered with the HT 
sequence became almost black and the sample developed cracks after 
sintering, showing that the longer pulses lead to severe heating of the 
sample even with the smaller number of pulses and should be avoided. 

Since the cathode material can react with the electrolyte at elevated 
temperatures, it is important to find process parameters where the 
phases are preserved [17–20]. Therefore, XRD and Raman spectroscopy 
measurements with a component analysis of individual phases were 
performed on the processed samples (Fig. 3a, b). 

The Raman spectra of the samples with the separated LLZO phase are 
shown in Fig. 3a with a reference of untreated cubic LLZO. The signals of 
the samples can be assigned to the cubic LLZO phase, which include the 
vibrational modes of La cations at 109 cm–1 (T2g) and 122 cm–1 (Eg); the 
broad signals of O bending at 215 cm–1 (T2g), and 251 cm–1 (A1g); the Li 
vibrational modes at 372 cm–1 (T2g), 417 cm–1 (Eg or T2g), 514 cm–1 (Eg 
or T2g); the signals of Zr-O bond stretching at 647 cm–1 (A1g); and the 
signal of the TaO6 octahedron stretching at 741 cm–1 from the Ta sub
stitution [4,56–58]. Despite the Raman phase separation, some low- 
intensity residual signals may appear in the spectra; therefore, some LCO 
signals are also present in the LLZO spectra. In addition, the signals at 
157 cm− 1 and 193 cm− 1 indicate the presence of Li2CO3 [55,59]. The 
interaction of LCO and LLZO at elevated temperatures can lead to a 
Co-ion diffusion into the LLZO, forming LLZO:Co [15,35]. This phase 
generates a photoluminescence at 693/694 cm− 1 [15,35], which is 
present in all samples. However, no evidence of other secondary phases 
can be found. 

The separated spectra of the LCO phase with an LCO reference are 
shown in Fig. 3b. The rhombohedral LCO phase (space group R3m) 

Fig. 1. Examples for different detrimental effects that can occur during the sintering of an LCO-LLZO composite cathode on a LLZO separator.  

W.S. Scheld et al.                                                                                                                                                                                                                               



Journal of the European Ceramic Society 44 (2024) 3039–3048

3042

with the Raman signals at 488 cm− 1 (Eg) and 597 cm− 1 (A1g) is present 
in all samples [60,61]. However, a shift of 4 cm− 1 to lower wave
numbers is observed in all processed samples. This shift indicates a loss 
of Li from the LCO lattice during flash lamp processing [62], which is 
similar to Li losses during RTP sintering of pure LCO layers [36], but 
more pronounced compared to RTP sintering of LCO-LLZO composite 
cathode layers [35]. 

In addition to Raman spectroscopy, XRD measurements were per
formed. The XRD patterns of the composite cathodes (Fig. 3c) demon
strates that LLZO (ICSD 422259) and LCO (ICDD 010702685) phases are 
preserved in the cathodes sintered with LT and MT sequences, while the 
cathode sintered with HT sequence shows strongly decreased intensity 
of LCO phase, indicating its decomposition. In addition, minor re
flections of Li2CoZrO4 (ICDD 000400367) are present, which is likely 
formed by a reaction of LCO and LLZO. Nevertheless, the LLZO signals 
are still present. 

XRD and Raman phase analyses show that the parameters of the LT 
and MT sequence do not lead to decomposition of LCO and LLZO phases 
during sintering. However, minor loss of Li in LCO and the formation of 
LLZO:Co require further adjustment of the processing parameters to 
avoid these effects. The sequence HT with the longest pulse length of 
1.0 ms leads to a reduced intensity of LCO in the XRD pattern and the 
formation of a secondary phase, which confirms the above observation 
of poor suitability of HT sequence for sintering due to too high tem
perature during annealing. 

In addition to the chemical composition, the microstructure of the 
cathode layers is also important for cell performance. Scanning electron 
microscopy (SEM) images of the surface of composite cathodes are 
shown in Fig. 4. Compared to the surface of the cathode before sintering 
(Fig. 4a), it is clear that sintering with the LT sequence results in 
coarsening and rounding of the LCO particles (dark contrast) and LLZO 
particles (light contrast) (Fig. 4b), indicating possible surface diffusion 

or evaporation and condensation during heat treatment. However, the 
connections between the particles are insufficient, indicating insuffi
cient energy transfer and low temperature during sintering. The cathode 
formed by the MT sequence (Fig. 4c) consists of larger particles, which is 
due to increased diffusion and particle coarsening during processing. In 
some places, there are large gaps between the LCO and LLZO particles, 
but in other areas they are well connected. The microstructure of this 
sample clearly shows that a longer pulse length, even with a lower total 
number of pulses, results in higher temperatures and much better sin
tering behavior, although it makes the surface of the composite cathodes 
rougher. Some even darker areas on the surface (marked in the white 
box, Fig. 4c) probably belong to Li2CO3 [55] which has already been 
detected by Raman spectroscopy (Fig. 3a). This could be related to the 
observed Li loss from the LCO, where evaporated Li oxides are subse
quently deposited on the cathode surface where they react with ambient 
atmosphere to form Li2CO3, but it could also result from Li+ ↔ H+ ex
change in LLZO when exposed to ambient air [55]. The cathode pro
cessed with the HT sequence (Fig. 4d), whose decomposition was 
detected in the XRD analysis, shows strong particle coarsening. How
ever, the LCO particles have a different morphology than those in the 
cathode sintered with the MT sequence, especially at the particle edges, 
suggesting that other Co-containing phases observed in the XRD anal
ysis, such Li2CoZrO4, may also be present. In addition, a larger area is 
covered with dark contrast material (marked in the white box, Fig. 4d), 
which probably belongs to Li2CO3, indicating a higher Li loss from the 
material. 

To assess the sintering depth, the connection of cathode and sepa
rator, and the microstructure of the separator, cross-sections of the 
samples were examined by SEM (Fig. 5). The LT sequence (Fig. 5a, b) 
again shows insufficient sintering, in agreement with the top view SEM 
image in Fig. 4b. The cross-section image shows that the connectivity 
between the particles and between the separator and cathode layers is 
low, so there are probably not enough ionic and electronic paths. The 
separator itself does not show any changes after processing. 

For the cathode sintered with the MT sequence (Fig. 5c, d), many 
interconnections between the LCO and LLZO particles can be seen, 
which were formed during sintering. Therefore, the required electronic 
and ionic pathways are present, and the cathode can be electrochemi
cally cycled. However, many cracks parallel to the surface can be seen in 
the top layer of LLZO particles directly exposed to the blacklight radi
ation. These cracks act as a barrier for ionic conductivity and can 
effectively reduce the capacity of the cathode due to losing contact to 
CAM. The origin of these cracks is probably a thermal shock with strong 

Fig. 2. a) schematic representation of sample preparation and processing with sections of the microstructure. First, only the dense LLZO is shown (LLZO = yellow 
grains), on which the porous green body of the composite cathode is screen-printed (LCO = dark grains), which is subsequently sintered and the density is increasing; 
b) images of the cathode surface in the untreated condition and after processing of 3 different pulse sequences. The processing parameters are shown in Table 1. 

Table 1 
Pulse parameters of the pulse sequences LT, MT, HT with the number of pulses, 
pulse length, and sintering time. The pulse frequency was always at 60 Hz.  

Sequence 1st Heating 2nd Heating Total sintering 
time 

Pulse 
length 

No. of 
pulses 

Pulse 
length 

No. of 
pulses 

LT 0.7 ms 1200 0.4 ms 600 30 s 
MT 0.9 ms 600 0.4 ms 600 20 s 
HT 1.0 ms 600 0.4 ms 600 20 s  
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temperature gradients due to the short and intense heating and cooling 
conditions, which likely generate mechanical stresses. Looking at the 
entire cross-section, it is noticeable that the cracks can only be found in 
the uppermost micrometers, as this is where the thermal gradients are 
expected to be highest and should be significantly less pronounced in the 
areas below. Accordingly, further improvement of this processing 
method should focus on reducing the crack formation. A possible solu
tion could be to tailor the heating and cooling schedule with dedicated 
ramps to and from high temperature, or/and to reduce the pulse length 
while increasing the number of pulses. In contrast, the LCO particles 
show no signs of cracking. This is probably related to the higher thermal 
conductivity of LCO with 5.4 W K–1 m–1 [63] compared to LLZO with 
1.5 W K–1 m–1 [64]. This difference could result in less temperature 
gradient and less thermal stresses within the LCO, but also in a stronger 
temperature gradient in the LLZO particles close to the LCO as the heat 
flux is piled up there, possibly resulting in mechanical stresses and 
cracking. In addition, the size of LLZO particles in the cathode and 
separator sintered with the MT sequence increased to 10.9 ± 0.7 µm 
compared to the LT sequence with 8.8 ± 2.2 µm, indicating that during 
the MT sequence the temperature was high enough to further densify the 
already dense LLZO separator material. 

In the cross-section of the cathode, processed with the HT sequence 
with the longest pulse length (Fig. 5e, f), the LCO phase was found inside 
the LLZO separator at a distance of more than 100 µm from the cathode| 
separator interface, and the initial composite cathode layer has almost 
completely disappeared. For better illustration, the dark contrast of the 
LCO is shown in red in Fig. 6. As mentioned earlier, LCO can form at 
grain boundaries of LLZO separator after diffusion of Co-ions from the 
cathode [21]. However, LCO infiltration into the separator extends over 
more than 100 µm and forms micrometer-thick layers along the LLZO 
grain boundary network. Therefore, Co-ion diffusion is probably not the 
main mechanism. More likely, the LCO infiltration is related to the high 
temperature that can be reached by the Xe flash lamp (up to 2000 ◦C) 
[45] and thus to the melting of the LCO into a liquid with unknown 
composition. Capillarity could transport the melt into the pore channels 
of the LLZO, where it solidifies into the phases observed by XRD and 
Raman spectroscopy. The entire cross-section image shows a clear dif
ference in microstructure in the first 100 µm below the cathode, 
compared to the rest of the separator. This is partly due to the new phase 
that has now accumulated in the pores, but it can also be assumed that 
during sintering cracking has again taken place. Due to the high tem
peratures in the HT sequence, it is possible that some of the cracks are 
sintered again in the further course of processing, but the porosity in this 
area remains slightly increased compared to the rest of the separator. 

The diffusion of Co-ions from the cathode into the separator during 
sintering is another undesirable process that degrades the performance 
of the cell. Therefore, the degree of Co-ion diffusion can be used as an 
additional parameter to evaluate the sintering process [15,21,35]. Since 
the typical products of Co-ion diffusion, LCO and LLZO:Co, are highly 
Raman active (LCO, 597 cm–1) or generates a strong photoluminescence 
while using a 532 nm laser (LLZO:Co, 693 cm–1), it is possible to use 
Raman spectroscopy to evaluate the depth of contamination of the LLZO 
separator during cathode sintering. Raman measurement of the half-cell 
sintered in the MT sequence was recorded in a range of 30 µm over the 
whole half-cell in 1 µm steps (x and y) and the resulting signals were 
averaged line-wise parallel to the cathode and normalized to the highest 
signal intensity (Fig. 7). The LCO phase has the highest signal intensity 
in the cathode, which decreases dramatically at the cathode|separator 
interface. In the separator, the LCO signals are still present up to a depth 
of ~100 µm. An even higher degree of contamination is observed in the 
distribution of the LLZO:Co phase, which is present in the first ~120 µm 
of the separator. Compared to RTP sintering of similar samples (1000 ◦C, 
90 s), which show contamination depth of ~700 µm [35,36], much 
lower contamination occurred in the present study. The lower Co-ion 
diffusion into the separator in blacklight sintering is likely due to the 
shorter sintering times and stronger thermal gradients in the cathode 

Fig. 3. Raman spectroscopy and XRD measurements of the composite cathodes 
treated with sequence LT, MT, and HT. The Raman spectra were separated by 
their phases (LLZO and LCO) to prevent superposition of the several signals: a) 
LLZO Raman spectra with LLZO reference spectra with marked vibrational 
modes [57]; b) LCO Raman spectra with LCO reference spectra with marked 
vibrational modes [60,61]; c) XRD patterns of the processed and untreated 
composite cathodes with the reference pattern of LLZO (red, ICSD 422259) and 
LCO (blue, ICDD 010702685). For better identification of the low concentrated 
secondary phases the XRD is shown in a logarithmic plot. 
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layer and the separator. By these thermal gradients, the high 

temperatures which increases the Co-ion diffusion are reduced to a 
limited volume of the upper separator region close to the cathode [21]. 
In deeper separator regions the temperature is lower and the Co-ion 
diffusion is consequently lower or not present. This behavior makes 
the blacklight sintering of cathode layers attractive for the ceramic cell 
production, since it offers the possibility of sintering the cathode layer, 
while reducing detrimental interactions with the separator. 

To investigate the electrochemical performance of the sintered half- 
cells, an In foil was attached as the anode on the other side of the LLZO 
separator and full cells were tested using galvanostatic cycling with 
potential limitation (GCPL). The samples sintered in the LT, and HT 
sequences showed almost no electrochemical activity. This behavior of 
the LT sample was probably due to an insufficient contact between the 
particles in the cathode, and in the case of the HT sample, due to the 

Fig. 4. Top-view SEM images (BSE) of the flash lamp processed composite cathodes: a) untreated; b) sequence LT including white labels LCO and LLZO; c) sequence 
MT with labeled Li2CO3; d) sequence HT with labeled Li2CO3. 

Fig. 5. Polished cross-sections of the flash lamp processed half-cells: a) and b) sequence LT; c) and d) sequence MT; e) and f) sequence HT.  

Fig. 6. Cross-section of sequence HT (Fig. 5e) with highlighted LCO contrast 
in red. 
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severe material degradation discussed above. In contrast, the sample 
sintered with the MT sequence (the only sample with sufficient sintering 
and only low amounts of secondary phases) could be charged and dis
charged over 10 cycles (Fig. 8a). A very high initial capacity of 313 mAh 
g− 1 was obtained in the first charge cycle (inset in Fig. 8a), but this 
process was largely irreversible, and only 19% of the capacity could be 
reversibly extracted in the subsequent discharge. The coulombic effi
ciency (CE) (Fig. 8b) increased from 19% in the first cycle to 72% in the 
10th cycle, but remained generally lower than values obtained for 
comparable LCO-LLZO cells fabricated by other sintering techniques 
[14,15,35,65]. The reasons for the large irreversible losses during the 
first charge are still unknown and would require further investigation. 
Conceivable causes would be the formation of the Li-In alloy on the 
anode side [66], irreversible phase transformation of LCO and LLZO 
during cycling [67], and/or electrochemical decomposition of Li2CO3 
impurities [68]. 

The first discharge had a specific capacity of ~60 mAh g− 1, corre
sponding to a CAM utilization of 43% (with 140 mAh g− 1 as the practical 
capacity of LCO [69]). The cracks in the LLZO particles observed in the 
cross-section SEM image (Fig. 5c, d) are the most obvious reason for the 
moderate CAM utilization, as they impede the charge transport path
ways through the electrode and increase the electrode resistance. The 

Fig. 7. a) scheme of the Raman measurement of the sintered half-cell cross- 
section processed with sequence MT to detect Co-ion diffusion into the LLZO 
separator as a function of distance from the cathode|separator interface. The 
measurement was performed in a range of 30 µm over the whole half-cell in 
1 µm steps (x and y) and the resulting signals were averaged line-wise and 
normalized; b) Raman spectra with the LLZO:Co photoluminescence signal at 
693 cm–1 (black) and the LCO phase signal at 597 cm–1 (blue) are shown as a 
function of distance from the cathode|separator interface (0 µm). 

Fig. 8. Electrochemical analysis of the cell composed of the cathode half-cell 
processed with the MT sequence and a Li-In anode: a) GCPL measurements, 
with the first charge shown in the inset. The potentials against Li-In and against 
Li/Li+ are shown for better comparability [75,76]; b) the corresponding 
coulombic efficiency and discharge capacity of each electrochemical cycle; c) 
the Nyquist plot of the EIS measurements before and during GCPL. The spectra 
were fitted with the equivalent circuit shown in the inset, where Ic represents 
the inductive effect of the cables, RB represents the resistance of the LLZO bulk, 
the R-CPEGB element represents the LLZO grain boundary resistance, and the 
R-CPESE/EL element represents the electrolyte|electrode interface resistance 
(R-CPESE/EL = R-CPESE/cathode + R-CPESE/anode). 
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capacity decreases with each subsequent charge/discharge cycle, finally 
reducing the discharge capacity to ~16 mAh g− 1, corresponding to a 
CAM utilization of 11% after 10 cycles. 

In addition to the capacity fading, an increase in cell resistance is 
observed in the electrochemical impedance spectroscopy (EIS) mea
surements (Fig. 8c). The pristine cell before electrochemical cycling 
shows a relatively low total impedance, which could not be deconvo
luted with sufficient accuracy due to a strong overlap of different elec
trode contributions, including the In anode [70,71]. Already after the 
first charge, the cell impedance increased significantly. A stretched 
semicircle probably corresponding to the separator|electrode interfaces 
(RSE/EL = RSE/cathode + RSE/anode) was observed In the Nyquist plot with a 
resistance of 6231 Ω cm2 and a capacitance of ~10–5 F, obtained after 
fitting with the equivalent circuit shown in Fig. 8c [65,72,73]. This 
resistance increased to a value of 8461 Ω cm2 by the 10th charge. Ca
pacity fading during cycling, accompanied by an increase in cell 
impedance, is common in all-solid-state garnet-based cells, which is 
mainly due to the electrochemical instability of the unprotected LCO| 
LLZO interface and the mechanical degradation of the composite cath
ode during cycling [14,15,50,65,74]. Compared to similar garnet-based 
SSBs fabricated by other techniques, the blacklight sintered cells still 
exhibit lower initial capacity and faster capacity degradation, which is 
probably due to the cracking of LLZO particles as described above. 
Further process optimization should therefore focus on thermal relaxa
tion in the system during sintering to prevent cracking, which could 
hypothetically be achieved by a lower pulse frequency or additional 
pulse programs for heating and cooling. 

4. Conclusion 

Blacklight sintering was demonstrated to be a promising option for 
time- and energy-efficient processing of LLZO-based composite cathodes 
for solid-state-batteries. Taking advantage of the temperature dependent 
high absorption of near-UV light, sintering of a LCO-LLZO composite 
cathode on a LLZO separator produced a functioning cell in only 20 s. 
Unlike other photonic sintering techniques, such as rapid thermal pro
cessing (RTP), blacklight sintering reduced the unwanted diffusion of 
Co-ions from the composite cathode into the LLZO separator. Using an In 
anode for electrochemical cycling tests, a specific capacity of ~60 mAh 
g− 1 was achieved during the first discharge. The rather low cathode 
utilization of 43% was attributed to cracking in the LLZO particles along 
the cathode surface, probably caused by a thermal shock in the sintering 
process. These results point to clear directions for optimization of this 
promising processing route, which should focus on thermal relaxation in 
the system during sintering to prevent cracking. With proper optimiza
tion of the blacklight sintering process, it can provide an industrially 
attractive route for processing oxide ceramic components for solid-state 
batteries. 
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